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Experiments were designed to investigate the eﬀects of target and distractor heterogeneity on the threshold for detection of a
color target in a search task. In the ﬁrst two experiments stimuli were chosen so that the target and distractor stimuli varied along
one Cardinal axis in color space, while the target diﬀered from distractors along another Cardinal axis. The Cardinal axis signaling
the relevant target–distractor diﬀerence was consistent from trial to trial within an experiment. When observers searched for a color
target among homogeneous distractors but the color of the target and distractors changed from trial to trial there was a small
increase in threshold. When the distractors within a display were heterogeneous, and the target color varied from trial to trial there
was a larger and more consistent increase in threshold. Varying stimuli along a Cardinal axis other than the Cardinal axis that dif-
ferentiates target and distractors can impair performance in visual search tasks. Further experiments showed that the presence of
heterogeneous distractors had little or no eﬀect on thresholds when location or color cues indicated that these stimuli were irrelevant
to the task. Results suggest that the eﬀect of heterogeneity in these experiments is attentional in nature rather than sensory.
 2005 Elsevier Ltd. All rights reserved.
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The eﬀect of stimulus heterogeneity on visual search
has been the subject of many previous studies and these
studies provide a rather diverse variety of results and
interpretations of heterogeneity eﬀects. Diﬀerent studies
have found that increasing the heterogeneity of the stim-
uli can hinder performance, have no eﬀect on perfor-
mance, or improve performance. Results from diﬀerent
studies may vary in part because the heterogeneity in
the stimuli has been introduced in diﬀerent ways in dif-
ferent studies.0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.01.007
* Corresponding author. Tel.: +1 937 7752626; fax: +1 937 7753347.
E-mail address: allen.nagy@wright.edu (A.L. Nagy).2. Ways in which heterogeneity can vary
Treisman (1988) distinguished between target hetero-
geneity eﬀects and distractor heterogeneity eﬀects and
attributed them to diﬀerent underlying causes. As an
example of target heterogeneity eﬀects, Treisman
(1988) described experiments in which the same set of
homogeneous distractors was presented from trial to
trial. Search times for single targets that varied from
trial to trial were longer than search times for targets
that were consistent from trial to trial. The eﬀect was
larger if the targets varied along two diﬀerent feature
dimensions (i.e. color and orientation), than if the tar-
gets varied in a single feature dimension (i.e. in color
only, or orientation only). Target heterogeneity eﬀects
were attributed to the need to attend to diﬀerent neural
‘‘modules’’ coding diﬀerent feature dimensions.
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(1988) presented the same target from trial to trial, but
the distractors within each display varied. When distrac-
tors within each display varied along the same feature
dimension (e.g. distractors were red, green, or white)
that distinguished the blue target from the distractors
(e.g. color), the search times were much longer than
search times with distractors that were homogeneous
within each display. When the blue target was presented
among distractors that varied in orientation rather than
color (e.g. green rectangular bars oriented either hori-
zontally or vertically) the heterogeneity had no eﬀect
on search times, which were similar to search times with
homogeneous distractors. Thus target and distractor
heterogeneity had the same eﬀects on the search-relevant
dimension but diﬀerent eﬀects on the search-irrelevant
dimension. The eﬀect of distractor heterogeneity along
the feature dimension deﬁning the target was attributed
to a reduction in the perceptual diﬀerences between the
target and distractors within the feature coding ‘‘mod-
ule’’ used to discriminate the target and distractors. Tar-
get heterogeneity eﬀects were attributed to high-level
processes involving the direction of attention while dis-
tractor heterogeneity eﬀects were attributed to low-level
sensory processes within the feature mechanisms coding
the target and distractors. Subsequently, Duncan and
Humphries (1989), Wolfe (1994), Palmer, Verghese,
and Pavel (2000), and Rosenholtz (1999, 2001a, 2001b)
also presented formulations of distractor heterogeneity
eﬀects in terms of the coding of sensory diﬀerences be-
tween targets and distractors and the representation of
the stimuli.3. Brief review of heterogeneity eﬀects in color search
Target and distractor heterogeneity need not be con-
ﬁned to separate experiments as in the Treisman (1988)
studies, and in subsequent studies of heterogeneity ef-
fects in color search, various types of target and distrac-
tor heterogeneity were sometimes combined within the
same experiment. For example, Bravo and Nakayama
(1992) investigated a heterogeneity eﬀect that might be
regarded as involving heterogeneity in both targets and
distractors. In diﬀerent blocks of homogeneous trials
observers searched for a red target among homogeneous
green distractors or a green target among homogeneous
red distractors. In the heterogeneity condition the two
types of displays were randomly intermixed so that both
the color of the targets and the homogeneous distractors
might change from trial to trial. Searches in homoge-
neous conditions were consistently about 10% faster
than in heterogeneous conditions across several stimulus
set sizes for three diﬀerent observers. Maljkovic and
Nakayama (1994) attributed the diﬀerence between
homogeneous and heterogeneous conditions to primingby a form of involuntary short-term implicit memory.
Their explanation of this heterogeneity eﬀect might be
regarded as a high-level explanation because it involves
short-term memory and the direction of attention rather
than sensory-perceptual diﬀerences. Alternatively, the
increase in response time in the heterogeneous condition
in the Bravo and Nakayama (1992) study might be
attributed to the possibility that observers needed to at-
tend to diﬀerent neural color coding mechanisms that
code redness and greenness in the mixed condition,
while they need only attend to one neural color-coding
mechanism in the blocked conditions. DeValois and
DeValois (1993), Billock, Gleason, and Tsou (2001),
and Valberg (2001) have recently proposed models of
color coding that suggest that red and green may be sig-
naled by diﬀerent neural mechanisms rather than a sin-
gle red-green mechanism as suggested by earlier models.
The need to attend to larger numbers of noisy signals in
larger numbers of neural feature coding mechanisms has
been shown to take more processing time (Monnier &
Nagy, 2001a; Treisman, 1988) or raise threshold (see
Davis, Kramer, & Graham, 1983; Graham, 1989; Mon-
nier & Nagy, 2001b; Palmer, Aimes, & Lindsay, 1993;
Palmer et al., 2000).
Palmer and Teller (1993) reported another experi-
ment in which target and distractor heterogeneity were
combined in a search accuracy task. In the heterogeneity
condition, distractors within each display varied in color
appearance, and the color appearance of the target also
varied from trial to trial. Eight stimuli were presented on
each trial and each stimulus was a diﬀerent color. The
same set of distractor colors was presented on each trial.
The variation in the color of the distractors was chosen
in a systematic way. For example, in one condition dis-
tractors varied in hue or chromaticity but were all set to
the same luminance. The targets diﬀered from distrac-
tors in luminance or along the third Cardinal axis of
color space (see Krauskopf, Williams, & Heeley, 1982).
Targets varied across trials because the increment in
luminance could be added to any one of the eight dis-
tractor colors. The Cardinal axes in color space are
thought to represent independent neural color-coding
mechanisms (see Derrington, Krauskopf, & Lennie,
1984; Lennie & DZmura, 1988). Therefore, the varia-
tion in the color of the target and distractors should
have had no eﬀect on signals in the neural color-coding
mechanism that signaled the diﬀerence between the tar-
get and the distractors, and this color-coding mechanism
was consistent from trial to trial. If these mechanisms
can be identiﬁed as feature maps in Treismans (1988)
terminology, we might expect that there should be no ef-
fect of heterogeneity in this experiment. However,
thresholds were approximately 50% higher in the heter-
ogeneity conditions than in conditions with distractors
that were homogeneous within each display and targets
that were homogeneous across trials. One possible inter-
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space do not represent independent feature mechanisms
in search tasks. Alternatively, the explanation of target
heterogeneity eﬀects and distractor heterogeneity eﬀects
suggested by Treisman (1988) may be incomplete.
Monnier and Nagy (2001a) investigated target heter-
ogeneity eﬀects in color search experiments. Observers
searched for a single, reddish, greenish, bluish, or yel-
lowish target presented among homogeneous white dis-
tractors, which were identical across trials. The four
diﬀerent target colors were randomly intermixed within
a block of trials. In cued conditions a cue indicating the
color of the target was presented prior to each trial. In
an uncued condition the observer was uncertain as to
the color of the target on each trial. Target color was
varied systematically in order to determine if the target
heterogeneity eﬀect was independent of the perceptual
diﬀerence between the target and distractors. In both
cued and uncued conditions, search times decreased
with increasing perceptual diﬀerence between the target
and the distractors. Search times were approximately
25% longer in the uncued condition than in the cued
condition regardless of the perceptual diﬀerence between
the target colors and the distractor color. That is the ef-
fect of the target uncertainty was independent of the per-
ceptual diﬀerence between the targets and distractors.
The results were consistent with the idea that target het-
erogeneity eﬀects were due to high-level mechanisms in-
volved in the direction of attention.
We also investigated the eﬀects of distractor hetero-
geneity in color search (Nagy, 1999; Nagy & Winterbot-
tom, 2000). The appearance of the target was
consistent from trial to trial in these studies (no target
heterogeneity). We found that if the distractors within
each display varied along one of the Cardinal axes of
color space and the target diﬀered from the distractors
along a diﬀerent Cardinal axis, distractor heterogeneity
within each display had either no eﬀect, or a small neg-
ative eﬀect, on response time regardless of the perceptual
diﬀerence between the target and distractors. Results of
these experiments were consistent with assumption that
Cardinal axes represent independent color-coding mech-
anisms, as well as the explanation of distractor heteroge-
neity eﬀects proposed by Treisman (1988). Nagy and
Winterbottom (2000) concluded that distractor hetero-
geneity had no eﬀect on performance if it had no eﬀect
on the sensory signals used to discriminate target and
distractors.
Subsequent studies (Nagy & Thomas, 2003; Nagy,
Young, & Neriani, 2004) further investigated distractor
heterogeneity using a search accuracy task (Palmer
et al., 1993) and threshold as a measure of performance.
In these studies distractors again varied along one Car-
dinal color axis and targets diﬀered from distractors
along a diﬀerent Cardinal axis. The target and the set
of distractors within each display were consistent fromtrial to trial. Observers were cued as to which of the dis-
tractor colors might contain the target increment along
the other Cardinal axis. Diﬀerent target colors were used
in diﬀerent blocks of trials. Threshold was independent
of target color, which was again consistent with the
hypothesis that the Cardinal color mechanisms repre-
sent independent color-coding mechanisms. Further,
when the distractor heterogeneity provided useful infor-
mation it could actually improve performance relative to
conditions with homogeneous distractors. For example,
if the distractors varied from deep red through white to
deep green in appearance and observers knew that the
target was a slightly reddish stimulus that contained
some blueness, observers could use the information
about the redness and greenness of the distractors to im-
prove performance even though this information by it-
self could not be used to identify the target, which was
deﬁned by the increment in blueness. That is informa-
tion in diﬀerent color-coding mechanisms could be com-
bined to facilitate performance.4. Aims of this study
In the studies described below, we focused on the
interaction between target and distractor heterogeneity
as in the Bravo and Nakayama (1992) and Palmer and
Teller (1993) studies. We tested the hypothesis that if
heterogeneity in targets and distractors had no eﬀect
on signals in the color-coding mechanism used to dis-
criminate the target from distractors and the color-cod-
ing mechanism used to discriminate the target was
consistent from trial to trial, then the heterogeneity
would have no eﬀect on search performance. This
hypothesis was based on the Treismans (1988) explana-
tions of heterogeneity eﬀects described above.
In the ﬁrst two experiments we investigated the eﬀects
of target and distractor heterogeneity across trials, as in
the Bravo and Nakayama (1992) study, in conditions re-
ferred to as the ‘‘Across’’ conditions below. Distractors
were homogeneous within each display but the appear-
ance of both the target and distractors varied along
one Cardinal axis across trials. The target diﬀered from
distractors along a diﬀerent Cardinal axis, which was
consistent from trial to trial. A major diﬀerence between
this experiment and the Bravo and Nakayama (1992)
study was that stimuli in this study were chosen to en-
sure that the same Cardinal color-coding mechanism
signaled the diﬀerence between targets and distractors
from trial to trial.
We also investigated the eﬀects of distractor hetero-
geneity within trials combined with target heterogeneity
across trials, as in the Palmer and Teller (1993) study, in
conditions referred to as ‘‘Within’’ conditions. The tar-
get varied from trial to trial, much as it did in the
‘‘Across’’ condition, but the distractors also varied
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compared with results in a baseline conditions with no
heterogeneity, referred to as ‘‘None’’ conditions. Dis-
tractors were homogeneous within each display and
the appearance of the target and distractors was consis-
tent from trial to trial (see Table 1 for a summary of
conditions in the ﬁrst two experiments).
In the ﬁrst two experiments, variation in the distrac-
tors within a display or in the target across trials was al-
ways along a Cardinal axis other than the one that
deﬁned the diﬀerence between target and distractors.
The target was deﬁned by a diﬀerence along a Cardinal
axis that was consistent from trial to trial, and a cue at
the beginning of the block of trials informed the obser-
ver as to the nature of this diﬀerence. Thus, eﬀects of
heterogeneity found in the ﬁrst two experiments could
not be due uncertainty about the color diﬀerence or fea-
ture diﬀerence deﬁning the target, or the need to moni-
tor more noisy signals from more neural mechanisms
(e.g. Graham, 1989; Palmer et al., 2000).
We chose stimuli from the Cardinal axes in color
space because many previous studies of color discri-
mination have suggested that these axes represent inde-
pendent neural color-coding mechanisms (see reviews by
Lennie & DZmura, 1988; and Eskew, McClelland, &
Giulianini, 1999), and results of previous studies of color
search also were consistent with the assumption that the
Cardinal axes represent independent neural mechanisms
in search tasks (Nagy, 1999; Nagy & Winterbottom,
2000; Nagy & Thomas, 2003; Nagy et al., 2004).
Experiments 3 and 4 were aimed at further investiga-
ting whether the eﬀects of heterogeneity revealed in the
ﬁrst two experiments were sensory in nature (i.e. result-Table 1
Summary of experimental conditions
Condition None Across
Experiment 1
Distractors Identical Identical
Within and Across Trials Within trial
Targets Diﬀer from Distractors in S Diﬀer from
Identical Across trials Vary in L A
Experiment 2
Distractors Identical Identical wi
Within and Across Trials Vary in Lu
Targets Diﬀer from Distractors in L Diﬀer from
Identical Across trials Vary in Lu
Experiment 3
Distractors Identical –
Within and Across Trials
Targets Diﬀer from Distractors in S –
Identical Across trials
Experiment 4
Distractors Identical –
Within and Across Trials
Targets Diﬀer from Distractors in Lum –
Identical Across trialsing from a reduction in the perceptual diﬀerence be-
tween target and distractors with the introduction of
heterogeneity), or perhaps attentional in nature. Results
of the last two experiments further support attentional
explanations for both target and distractor heterogene-
ity eﬀects in these experiments.5. General methods
5.1. Equipment
Stimuli were generated on a color monitor driven by
a Radius Thundercard in a PowerMac 8500. A 17-inch
Nanoa T2 color monitor was used for the ﬁrst two
experiments and a 19-inch Sony GDM F520 monitor
was used for the last two experiments. Both monitors
were calibrated with a Minolta CS-100 Chromameter,
which was used to measure the chromaticities of the
phosphors and to generate look-up tables containing
the phosphor luminance for each 8-bit DAC value.
The lookup tables were used with another computer
program, which searched for the DAC values required
to produce a color of desired chromaticity and lumi-
nance using a least squared error criterion. This pro-
gram was used to generate values for the stimuli that
were to be used in the experiments and to save them
in a text ﬁle that could be read by the experimental pro-
gram. The calibration data were converted to cone exci-
tations as described by MacLeod and Boynton (1979)
and the chromaticities of the stimuli were chosen in
the cone excitation chromaticity diagram similar to that
described by MacLeod and Boynton (1979). However,Within
Vary in L within trial
Vary in L Across trials Same set Across trials
distractors in S Diﬀer from distractors in S
cross trials Vary in L Across trials
thin trial Vary in Lum within trial
m Across trials Same set Across trials
distractors in S Diﬀer from distractors in L
m Across trials Vary in Lum Across trials
Vary in S and L within trial
Same set across trials
Diﬀer from distractors in S
Identical Across trials
Vary in S and Lum within trial
Same set Across trials
Diﬀer from distractors in Lum
Identical Across trials
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space as L and S coordinates, rather than R and B, since
this has become more common usage, and excitation of
S cones was scaled so that an equal energy white stimu-
lus would have an S chromaticity of 1.0 (see Boynton,
198X).
5.2. Stimuli
In all experiments the stimuli were small disks .125
in diameter presented on a uniform white background
(subtending 10 · 13.4 of visual angle) that was continu-
ously present during the experiments. The background
ﬁeld was set to a luminance of 5 cd/m2 and a chromati-
city of L = .662, S = 1.04. The disks were presented at
locations within an annular region (inner radius of
2.5, outer radius of 3.0 of visual angle) centered on
the color monitor. With one exception to be described
below, 10 stimuli were presented on each trial in all
experiments. Five were presented to the left of the ﬁxa-
tion point and ﬁve were presented to the right. The stim-
uli on each side of ﬁxation were separated by
approximately 30 of angular separation with larger
60-degree gaps between the stimuli nearest a vertical line
through the ﬁxation point. The location of each stimulus
was randomly jittered from trial to trial so that the x and
y coordinates varied by as much as plus or minus .38 of
visual angle (see Fig. 1).
In the ﬁrst experiment the luminance of the stimuli
was ﬁxed at 7.35 cd/m2, a contrast ratio of .47, and tar-
get and distractor stimuli were set to various diﬀerent
chromaticities. In the second experiment distractor stim-
uli varied in luminance and target stimuli diﬀered from
distractors in chromaticity.+
Within Condition 
+
None & Across Conditions 
Fig. 1. Illustration of the appearance of displays in the None, Across,
and Within conditions in experiments. Variations in stimuli are
illustrated as variations in luminance contrast.5.3. Procedures
The color monitor was viewed from a distance of
1.4 m in a dark room with ﬂat black walls and ﬂooring
so that little was visible other than the stimuli on the
monitor. A chin rest was used to stabilize head position.
A spatial two-alternative forced choice procedure was
used in all experiments. The target stimulus appeared
among the distractor stimuli on every trial and the ob-
servers task was to indicate whether the target appeared
to the left or the right of the ﬁxation point. The presen-
tation of a small dim ﬁxation cross at the center of the
annular region in which the stimuli appeared indicated
the beginning of a trial. One second after the onset of
the ﬁxation cross, color table animation was used to
present the stimuli for 15 frames or approximately
200 ms. One-half second after the oﬀset of the stimuli,
the cursor appeared with a vertical line in the middle
of the screen. The observer placed the cursor to the left
or right of the line to indicate that the target had ap-
peared to the left or the right, and depressed the mouse
button to record the response. The cursor and vertical
line were erased and the ﬁxation cross was presented
after a short delay to indicate the beginning of the next
trial. A tone was used to give feedback when the obser-
ver made an error.
In the ﬁrst two experiments, an experimental session
consisted of three diﬀerent blocks of trials representing
the three diﬀerent heterogeneity conditions (see Table
1). In the ﬁrst experiment targets always diﬀered from
distractors in S chromaticity and any heterogeneity
was introduced in L chromaticity. In one block, consis-
ting of 50 trials, distractors were homogeneous and the
target diﬀered from the distractors in S chromaticity.
The same target and distractors were presented on every
trial so there was no heterogeneity in this block of trials.
Therefore, this condition is referred to as the ‘‘None’’
condition (see upper panel of Fig. 2). The L chromati-
city of all of the stimuli was ﬁxed at .662. Threshold
was measured at only this one L chromaticity in the
None condition because previous experiments with nine
observers (Nagy & Thomas, 2003; Nagy et al., 2004)
have shown that varying the L chromaticity of the stim-
uli had no eﬀect on thresholds measured in the +S direc-
tion in homogeneous conditions such as this.
In a second block, consisting of 150 trials, distractors
were again homogeneous within each display and tar-
gets were again identical to distractors in L chromaticity
and luminance and diﬀered from distractors only in S
chromaticity. The L chromaticity of both the target
and the distractors varied randomly from trial to trial.
The L chromaticity was chosen from three diﬀerent val-
ues, which appeared red, white, and green (see middle
panel of Fig. 2). The block included 50 trials for each
of these L chromaticities. This condition is referred to
as the ‘‘Across’’ condition, because within each display
0.8
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0.8
1
1.2
1.4
0.60 0.65 0.70 0.75
0.8
1
1.2
1.4
0.60 0.65 0.70 0.75
L Chromaticity
Within
Across
None
Fig. 2. Illustration of the three diﬀerent conditions for Experiment 1.
In the None condition (illustrated in the upper panel) the chromaticity
of the distractors (ﬁlled circle) was ﬁxed both within a display and
across trials. Targets diﬀered from the distractors in S chromaticity as
indicated by the vertical arrows. In the Across condition (middle
panel) the chromaticity of the distractors was ﬁxed within a display but
randomly chosen from the three values indicated by the ﬁlled circles on
each trial. In the Within condition (bottom panel) each distractor in a
display was assigned one of the 9 chromaticities indicated by the
circular symbols. Targets diﬀered from distractors in S chromaticity.
The L chromaticity of the target was randomly selected from one of
three values indicated by the ﬁlled circles on each trial.
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of both target and distractors varied across trials.
In the third block, consisting of 150 trials, the distrac-
tors within each display varied in L chromaticity with a
diﬀerent L chromaticity assigned to each of the nine dis-
tractors. The same set of nine L chromaticities (circular
symbols in bottom panel of Fig. 2) was randomly as-
signed without replacement to the nine distractor stimuli
on each trial. The target again diﬀered from distractorsin S chromaticity, but the L chromaticity of the target
was randomly selected on each trial from the three val-
ues used in the Across condition (ﬁlled symbols in bot-
tom panel of Fig. 2) with 50 trials for each target
chromaticity. Prior to the block of trials, observers were
informed that the target with the increment in S chroma-
ticity might be either red, white, or green in appearance
on any trial. Chromaticities were randomly assigned to
stimulus locations on each trial with one restriction.
The target and the distractor that shared its L chroma-
ticity value were always presented at randomly chosen
locations on opposite sides of the ﬁxation point. This
condition is referred to as the ‘‘Within’’ condition since
heterogeneity occurred within each display.
On half of the trials within each block, the target
stimulus was presented on the left side of the display
on the other half of the trials it was presented on the
right. The location of the target stimulus was chosen
randomly. The same target–distractor diﬀerence in S
chromaticity was used for the three diﬀerent types of
blocks run in one session. It took approximately an hour
to complete the session. In diﬀerent sessions target–dis-
tractor S diﬀerences were varied to cover the range from
near chance to near perfect performance. A minimum of
ﬁve diﬀerent levels of target distractor diﬀerence was
completed for each of the three conditions. A Weibull
function was ﬁt to the percent correct plotted as a func-
tion of the diﬀerence in S chromaticity in order to esti-
mate the chromaticity diﬀerence corresponding to 75%
correct, and this diﬀerence was taken as an estimate of
threshold for each condition. Each set of data was re-
peated a second time to get a second estimate of thresh-
old for each observer and the two threshold estimates
were averaged. Thus each estimate of threshold for each
observer in each condition was based on at least 500 tri-
als. Experiment 2 was similar in design, but the target al-
ways diﬀered from distractors in L chromaticity, and
heterogeneity in luminance was introduced (see Table 1).
5.4. Subjects
Seven observers including three males and four fe-
males participated in the ﬁrst experiment. Three of these
observers, one male and two females, completed the sec-
ond experiment, and one, a male, completed the third
and fourth experiments along with two new observers,
a male and a female. The observers ranged in age from
approximately 20 to 30 years. All had normal color vi-
sion as indicated by performance on the Ishihara Pseu-
doisochromatic plates and normal, or corrected to
normal, visual acuity as indicated by self report. All of
the observers had at least a moderate amount of practice
at the task before the data reported here were collected.
Two of the observers in the ﬁrst two experiments had
some knowledge of the purpose of the experiments
and are authors, K.E.N. and T.L.Y., on this manuscript.
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The circular symbols in Fig. 3 show the chromatici-
ties of the distractor stimuli for the ﬁrst experiment plot-
ted in the cone excitation chromaticity diagram. In the
None condition the distractor chromaticity was ﬁxed
at the chromaticity of the ﬁlled point in the center of
the array of distractor chromaticities (L = .662,
S = 1.04, Luminance = 7.35 cd/m2), which was also the
background chromaticity (Luminance = 5 cd/m2). The
arrow extending upward indicates that targets diﬀered
from distractors in having a higher S chromaticity value.
In the ‘‘Across’’ condition the distractors within each
display were again identical or homogeneous, and ran-
domly set on each trial to one of the L chromaticities indi-
cated by the three solid circles in Fig. 3. The target had
the same L chromaticity as the distractors but the S chro-
maticity of the target was again set to a higher value. The
observer had no information about which L chromaticity
might appear prior to the presentation of the stimuli. In
the ‘‘Within’’ condition each of the nine chromaticities
indicated by the circular symbols in Fig. 3 was assigned
to one of the distractors. The L chromaticity of the target
again was chosen randomly from one of the three ﬁlled
symbols and the target again diﬀered from the nine dis-
tractors in having a higher S chromaticity value.
The other symbols in Fig. 3 indicate the mean thres-
holds in each condition. Error bars, which are in some0.8
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Fig. 3. Cone excitation chromaticity diagram showing distractor
chromaticities (circular symbols) and directions in which thresholds
were measured (arrows) for Experiment 1. Mean thresholds in the +S
direction for seven observers are plotted as a function of L chroma-
ticity of the target. Diﬀerent symbols indicate diﬀerent conditions:
open squares indicate the None condition; ·s indicate the Across
condition; and ﬁlled triangles indicate the Within condition.cases approximately the size of the symbol, indicate plus
and minus 1 standard error of the mean across observers.
Mean threshold in the None condition is indicated by the
open square. Mean thresholds in the Across (· symbols)
and Within (solid triangles) conditions do not appear to
vary as a function of the L chromaticity of the target,
suggesting that the threshold in the S direction is inde-
pendent of L chromaticity as has previous work (Nagy
& Thomas, 2003; Nagy et al., 2004). Separate regression
analyses of the thresholds in the Within and Across con-
ditions with diﬀerent color conditions entered as dummy
coded variables (Cohen & Cohen, 1983) conﬁrmed that
thresholds did not vary signiﬁcantly with color. The ad-
justed R2 values were equal to zero for both the Across
condition (F(2,18) = .876, p = .433) and for the Within
condition (F(2,18) = .360, p = .702). Results were consis-
tent with the assumption that the Cardinal mechanisms
represent independent neural mechanisms in search
tasks, as were results of previous experiments (Nagy,
1999; Nagy & Winterbottom, 2000; Nagy & Thomas,
2003; Nagy et al., 2004). Although there may be small
individual diﬀerences in the precise orientation of the
Cardinal axes, any such diﬀerences appear to be small en-
ough so that variation in the L chromaticity of the sti-
muli has no eﬀect on thresholds in the S direction.
Thresholds in the Within condition appear to be
higher than in the Across condition and thresholds in
the Across condition appear to be higher than those in
the None condition. Since the L chromaticity of the tar-
get had no eﬀect on threshold, we collapsed across L
chromaticity to get a single mean threshold for each ob-
server in the Across and Within conditions in order to
compare thresholds across the three conditions. A
regression analysis with display conditions entered into
the regression equation as dummy coded variables as
suggested by Cohen and Cohen (1983) indicated that
threshold did vary signiﬁcantly with display condition
(adjusted R2 = .48, F(2,18) = 10.24, p < .01). With a cri-
terion value set to p < .025 so as to correct for family-
wise error rate, the unstandardized coeﬃcients in the
regression equation for both the Across (B = .08,
t = 2.51, p < .025) and Within (B = .14, t = 4.52,
p < .001) conditions diﬀered signiﬁcantly from zero indi-
cating that thresholds in both of these conditions were
reliably higher than in the None condition. Mean
threshold in the Across condition was approximately
1.2 times the threshold in the None condition and mean
threshold in the Within condition was approximately
1.36 times mean threshold in the None condition.
5.6. Experiment 2: Stimuli varying in luminance
The design of the second experiment was identical to
that used in Experiment 1 with the exception that targets
and distractors varied in luminance rather than chroma-
ticity. The S chromaticity of the stimuli was ﬁxed at value
1892 A.L. Nagy et al. / Vision Research 45 (2005) 1885–1899of approximately 2.5 so that all of the stimuli appeared
distinctly bluish in comparison to the background
(L = .662, S = 1.04, Luminance = 5 cd/m2) and were eas-
ily visible against the background regardless of their
luminance level. The circular symbols in Fig. 4 indicate
the L chromaticity and luminance of the distractors used
in Experiment 2. Targets diﬀered from distractors in L
chromaticity as indicated by the upward pointing solid
arrows. The dashed arrow indicates the luminance of
the background. In this experiment thresholds in the
+L chromaticity direction were measured at each of the
three luminances indicated by the ﬁlled circular symbols
in the None, Across, and Within conditions.
The other symbols in Fig. 4 indicate the mean thres-
hold across observers in each condition plotted as a
function of the luminance of the target stimulus. Error
bars, which are again in some cases approximately the
size of the symbols, indicate plus or minus 1 standard er-
ror of the mean across observers. Thresholds vary with
luminance level in all three conditions. Mean threshold
is highest at the lowest stimulus luminance level, which
was somewhat below the background luminance, and
is approximately the same magnitude at the two lumi-
nance levels above the background level. Thresholds in
the None (open squares) and Across (· symbols) condi-
tions appear to be similar regardless of the luminance
level, but thresholds in the Within condition (solid
triangles) appear to be higher than in the other two con-
ditions across all luminance levels. A hierarchical regres-0.65
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Fig. 4. Diagram illustrating distractor luminances (circular symbols)
and directions in which thresholds were measured (solid arrows) for
Experiment 2. Mean thresholds across three observers are plotted as a
function of target luminance. Diﬀerent symbols indicate diﬀerent
conditions: open squares indicate the None condition; ·s indicate the
Across condition; and ﬁlled triangles indicate the Within condition.
The dashed vertical arrow indicates the background luminance.sion analysis, with luminance levels and display
conditions entered as dummy coded variables, was per-
formed as suggested by Cohen and Cohen (1983). In the
ﬁrst step the dummy variables coding luminance levels
were entered into the regression equation as a set. The
analysis indicated that threshold varied signiﬁcantly
with luminance level (adjusted R2 = .55, F(2,24) =
16.82, p < .001). On the second step dummy coded vari-
ables for the conditions were entered into the regression
equation as a set. The adjusted R2 increased to .723
when conditions were added to the regression equation.
An F test to determine whether the increase in R2 was
signiﬁcant was conducted using the procedure described
by Cohen and Cohen (1983). The result suggested that
the increase in variance accounted for was signiﬁcant
(F(2,22) = 8.58, p < .01). With a criterion value set to
p < .0125 to correct for family-wise error rate, the
unstandardized coeﬃcient in the ﬁnal regression equa-
tion for the low luminance level (B = .018, t = 6.59,
p < .0001) diﬀered signiﬁcantly from zero, but the
unstandardized coeﬃcient for the medium luminance
level (B = .001, t = .36, p = .72) did not approach signif-
icance, indicating that thresholds increased at the low
luminance level relative to the other two luminance lev-
els. The unstandardized coeﬃcient for the Within condi-
tion (B = .01, t = 3.73, p < .01) diﬀered signiﬁcantly
from zero, but the unstandardized coeﬃcient for the
Across condition (B = .0008, t = .31, p = .76) did not ap-
proach signiﬁcance. In this experiment mean threshold
in the Across condition was similar (1.04 times) to mean
threshold in the None condition. The mean threshold in
the Within condition was again larger (1.43 times) than
mean threshold in the None condition. Results indicate
that variation in the luminance of the targets and dis-
tractors from trial to trial in the Across condition had
little eﬀect on threshold as compared with the None con-
dition, but variation in the luminance of the distractors
within each display in the Within condition did increase
thresholds.
5.7. Summary of Experiments 1 and 2
The results of both experiments suggest that hetero-
geneity has a negative eﬀect on performance. Heteroge-
neity in the targets and distractors across trials (Across
condition) had a small, but a signiﬁcant, eﬀect in Exper-
iment 1 and almost no eﬀect in Experiment 2. Heteroge-
neity in the distractors within each display and in the
target across trials (Within condition) had a larger eﬀect
in both experiments.
5.8. Experiment 3: Distractors varying in L and S
chromaticity
In this experiment we tested the hypothesis that ef-
fects of target and distractor heterogeneity in the ﬁrst
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sensory. We sought to determine if the presence of het-
erogeneous distractors had any eﬀect on thresholds for
detecting a target stimulus when location or color cues
could be used to select a subset of relevant stimuli. Three
observers, including one observer who had completed
Experiments 1 and 2, completed these experiments.
The experiments were conducted with a Sony GDM
F520 color monitor, but the procedures and stimulus
displays were nearly identical to those in earlier experi-
ments. The major diﬀerences were in the choice of sti-
mulus colors and in some conditions the use of color
or location cues. The background was again set to an
approximately white chromaticity (L = .665, S = .988)
and a luminance of 5.14 cd/m2. Stimuli were presented
at a positive luminance contrast ratio of .47 in the same
annular region centered on a ﬁxation point as in the ﬁrst
two experiments. The None and Within conditions from
Experiments 1 and 2 were employed with a few varia-
tions. In the None condition target and distractor chro-
maticities were again ﬁxed within each display and
across the trials of a block, but thresholds were esti-
mated for stimulus set sizes of 2 and 10. The distractor
chromaticity is indicated by the ﬁlled circular symbol
in Fig. 5. Observers were required to detect a target
stimulus with an increment in S chromaticity as indi-
cated by the vertical arrow. A cue at the beginning of1.00
1.25
1.50
1.75
2.00
2.25
S 
Ch
ro
m
at
ic
ity
0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74
L Chromaticity
LocatCue
ColorCue
None10
None2
Distractors
Fig. 5. Cone excitation diagram illustrating distractor chromaticities
(circular symbols) and thresholds from Experiment 3. Mean thresholds
in the +S direction for three observers are plotted. Diﬀerent symbols
indicate diﬀerent conditions: open and ﬁlled triangles indicate the
None conditions with set sizes of 2 and 10, respectively; ﬁlled squares
indicate the Within-cued condition with color as a cue; and ﬁlled
diamonds indicate the Within-cued condition with location as a cue.the block of trials informed the observer as to the colors
of the target and the distractors.
In the Within conditions distractors were chosen so
that they varied along both Cardinal axes as illustrated
in Fig. 5. Each of the nine chromaticities indicated by
the circular symbols was randomly assigned to one of
the distractor stimuli on each trial. The target stimulus
again shared the L chromaticity of the ﬁlled circular disk
in Fig. 5, but had a higher S chromaticity value. The dis-
tractors were deliberately chosen so as to vary along
both axes in this way in order to determine whether
the presence of variation in signals in either Cardinal
color mechanism might have an eﬀect on the sensitivity
along the S Cardinal axis, which the observer must use
to discriminate the target from the most similar
distractor.
The within conditions are referred to as ‘‘Within-
Cued’’ because they diﬀered from those employed in
Experiments 1 and 2. Either the location, or the color,
of the target stimulus was used as a cue to indicate to
the observer the two stimuli, the target and the most
similar distractor, that were relevant to the task. When
location served as the cue, the target stimulus and the
distractor that shared its L chromaticity were always
presented in the locations nearest an imaginary horizon-
tal line drawn through the ﬁxation point. Observers
were instructed that only the two stimuli nearest the
imaginary horizontal line were relevant to the task and
that the stimuli presented at the other eight locations
were irrelevant in this condition. On each trial the target
and the most similar distractor were randomly assigned
to the two locations on the left and on the right that
were nearest the horizontal line through the ﬁxation
point. The observers task was to indicate whether the
target was to the left or the right of ﬁxation.
When color served as the cue, a prompt at the begin-
ning of each block of trials indicated to the observer that
one of the two stimuli with the lowest L chromaticity
(most green in appearance) would contain the target
increment. Target and distractor chromaticities were
randomly assigned to stimulus locations on each trial
with one restriction. The target and the distractor that
shared its L chromaticity were always presented on
opposite sides of the ﬁxation point, but they could occur
in any one of the ﬁve locations on either side of the ﬁx-
ation point.
The other symbols in Fig. 5 indicate mean thresholds
obtained from three observers in the four diﬀerent con-
ditions. Three estimates of threshold were obtained for
each observer in each condition from three psychometric
functions measured on diﬀerent days. The square and
diamond symbols have been oﬀset in L chromaticity
slightly for clarity. Error bars, which are in some cases
approximately the size of the symbols, indicate plus
and minus 1 standard error of the mean across observ-
ers. The open and ﬁlled triangles indicate thresholds in
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respectively. Increasing set size increased threshold by a
factor of 1.68. The ﬁlled diamond and the ﬁlled square
indicate thresholds for the conditions with heteroge-
neous distractors when location and color, respectively,
served as the cue. Thresholds in these two conditions
were very similar to those in the None condition with
a set size of 2 (open triangle). Results indicate that when
information about the location, or the L chromaticity,
of the target could be used to select the two relevant
stimuli, the presence of the varying distractor stimuli
had little or no eﬀect on threshold.
5.9. Experiment 4: Distractors varying in luminance
and S Chromaticity
Fig. 6 shows results from a similar experiment with
distractors that vary in luminance and S chromaticity
(circular symbols). The luminance contrast ratio of the
stimuli was always .47, or greater, so that the stimuli
were always easily visible against the background
regardless of their chromaticity. The three observers that
participated in Experiment 3 also completed this expe-
riment. The task was to detect an increment in the lumi-
nance of the stimulus with the highest value of S
chromaticity (ﬁlled circle). In the None conditions
increasing set size from 2 to 10 stimuli increased thres-
hold by a factor of 1.36. In the two conditions with het-8
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Fig. 6. Diagram illustrating distractor chromaticities and luminances
(circular symbols) and thresholds from Experiment 4. Mean luminance
thresholds for three observers are plotted. Diﬀerent symbols indicate
diﬀerent conditions: open and ﬁlled triangles indicate the None
conditions with set sizes of 2 and 10 respectively; ﬁlled squares
indicate the Within-cued condition with color as a cue; and ﬁlled
diamonds indicate the Within-cued condition with location as a cue.erogeneous distractors and location (ﬁlled diamond) or
color (ﬁlled square) cues, thresholds again were similar
to thresholds with a set size of 2. Error bars indicating
plus or minus 1 standard error of the mean are approxi-
mately the size of the symbols. As in Experiment 3 the
presence of the varying distractors had little or no eﬀect
on threshold when location or chromaticity cues could
be used to select the two relevant stimuli.
5.10. Summary
Fig. 7 shows a comparison of results from all four
experiments. In order to compare results across the dif-
ferent experiments in which thresholds were measured
in diﬀerent units along diﬀerent Cardinal axes, and with
diﬀerent sets of observers, we expressed the thresholds as
a proportion of the threshold in the None condition with
set size of 10. This condition was included in all four
experiments. For each individual observer in each exper-
iment, threshold in each condition was divided by thresh-
old for that observer in the None condition with set size
of 10. The mean ratio and the standard error of the mean
across observers were then calculated for each condition
of each experiment. These are shown in the histogram
plot of Fig. 7. Five diﬀerent conditions from the four
experiments are shown along the abscissa. All of these
conditions employed a stimulus set size of 10 with the
exception of the condition labeled ‘‘Set Size 2’’. With a
criterion value set to p < .01 to correct for family-wise0.50
1.00
1.50
2.00
R
at
io
Across Within SetSize 2 Color Cue Location Cue
Conditions
EXP 4
EXP 3
EXP 2
EXP 1
Fig. 7. Histogram plot summarizing results from the four experiments.
Mean thresholds in diﬀerent conditions are expressed as a proportion
of the threshold with a set size of 10 in the None condition, which was
common to all experiments. See text.
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mean ratios in the ﬁve conditions shown in Fig. 7.
Thresholds in the Across and Within conditions of
Experiments 1 and 2 are as large or larger than thresh-
olds in the None conditions as indicated by mean ratios
greater than 1. We pooled all of the ratios from all of the
subjects (seven diﬀerent individuals) and all of the chro-
maticities (three) and luminance levels (three) in the
Across and Within conditions of Experiments 1 and 2.
This resulted in a sample of 30 ratios in each condition.
If the heterogeneity had no eﬀect, the expected value of
the ratio in each condition would be 1. Simple t-tests
were used to determine if the mean ratios in the across
(mean = 1.13, SEM = .03) and within (mean = 1.39,
SEM = .05) conditions of Experiments 1 and 2 diﬀered
signiﬁcantly from 1. The mean ratio in the across condi-
tion (t(29) = 3.85, p < .001) and in the within condition
(t(29) = 8.308, p < .001) diﬀer signiﬁcantly from 1. Re-
sults in these conditions indicate that variation in the
color of the target and the distractors increased
threshold.
In comparison mean ratios in the three conditions
from Experiments 3 and 4 were similar and appear to
be less than 1. We pooled the ratios for the set size of
2, color cue, and location cue conditions from all three
subjects in the two experiments (six ratios in each condi-
tion). A simple t-test (t(5) = 9.40, p < .001) indicated
that the mean ratio with a set size of 2 was signiﬁcantly
less than 1, suggesting that thresholds increased with the
number of stimuli attended in the None condition. A
paired two sample t-test indicated that the mean ratio
in the location cue condition (mean = .63, SEM = .05)
did not diﬀer signiﬁcantly from the mean ratio (mean =
.66, SEM = .07) with a set size of 2 (t(5) = .52, p = .63).
The mean ratio in the color cue condition (mean = .75,
SEM = .06) was slightly greater than the mean with a
set size of 2 (t(5) = 5.08, p < .01) though it was again sig-
niﬁcantly less than one. Results suggest that when loca-
tion or color cues can be used to select the two stimuli
relevant to the task the presence of the other eight het-
erogeneous stimuli in the display had little or no eﬀect
on threshold. The eﬀect of cuing two stimuli with loca-
tion or color information was similar to reducing the
number of stimuli in the display to 2.6. General discussion
6.1. Experiments 1 and 2
The initial hypothesis that heterogeneity in targets
and distractors that has no eﬀect on signals in the neural
mechanisms used to discriminate the target from distrac-
tors should have no eﬀect on search performance was not
supported. In Experiment 1 variation in the L chromati-
city of both the targets and distractors in the Across con-dition had no eﬀect on the S threshold for detecting the
target. Similarly, variation in the L chromaticity of the
target in the Within condition had no eﬀect on the S
threshold for detecting the target. This aspect of the re-
sults in both conditions is consistent with the notion that
the neural color signal used to detect the target is inde-
pendent of the L chromaticity of the stimuli, which is
presumed to be coded by a diﬀerent neural color-coding
mechanism and that the Cardinal axes represent inde-
pendent color mechanisms. Previous work discussed
above (Nagy & Thomas, 2003; Nagy et al., 2004) also
suggests that variation in the L chromaticity of the sti-
muli has no eﬀect on S thresholds in homogeneous con-
ditions similar to the None condition. Yet the thresholds
in the Across and Within conditions are signiﬁcantly
higher than those in the None condition with no hetero-
geneity. In this experiment variation in the L chromatic-
ity of the stimuli, which has no eﬀect on threshold, raises
threshold when it is introduced as heterogeneity across
or within trials. The results in Experiment 2 diﬀered from
those in Experiment 1 in two respects. In the None con-
dition of Experiment 2, thresholds for detecting the tar-
get when the stimuli were dimmer than the background
were signiﬁcantly higher than thresholds for stimuli that
were brighter than the background. Thresholds in the
Within condition were signiﬁcantly higher than thresh-
olds in the Across and None conditions at all three target
luminance levels, but thresholds in the Across and None
conditions were similar. The increase in threshold in the
Within condition, expressed as a proportion, did not
vary signiﬁcantly with the luminance level.
Results from both experiments suggest that observers
cannot always ignore varying signals in neural mecha-
nisms that are not used to discriminate target and dis-
tractors. The results suggest that target and distractor
heterogeneity may impair performance on search tasks
even when it produces variation in visual signals in neu-
ral mechanisms that are not used to discriminate the tar-
get from distractors. Heterogeneity eﬀects in these
experiments cannot be due to the need to monitor more
feature coding mechanisms in the heterogeneous condi-
tions (Treisman, 1988; see also Davis et al., 1983; Gra-
ham, 1989; and Palmer et al., 1993 for discussions of
the eﬀects of monitoring more neural coding mecha-
nisms), because the color diﬀerences that must be used
to discriminate target from distractors were consistent
from trial to trial and across conditions in both experi-
ments. That is the observer need monitor only color
mechanisms signaling S chromaticity in Experiment 1,
or color mechanisms signaling L chromaticity in Expe-
riment 2, in order to detect the target.
6.2. Experiments 3 and 4
Results from Experiments 3 and 4 provide further
evidence that both target and distractor heterogeneity
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because the same kinds of variations either have no ef-
fect in the None conditions, or can improve perfor-
mance when they serve as cues and provide useful
information as in Experiments 3 and 4. Experiments 3
and 4 conﬁrm that the presence of variation in the dis-
tractors within a display does not alter the sensitivity
to the target–distractor diﬀerence even when that varia-
tion causes varying signals in the Cardinal color mecha-
nism that signals the relevant target–distractor
diﬀerence. The results of these experiments do not sup-
port the view, initially suggested by Treisman (1988),
that distractor heterogeneity eﬀects occur only when
there is a reduction in the discriminability of the target
from the distractors. Certainly when distractor hetero-
geneity is introduced in such a way as to reduce the sen-
sory diﬀerence between the target and distractors, the
introduction of heterogeneity can be expected to pro-
duce a decline in performance. However, the results of
the experiments described here suggest that distractor
heterogeneity can also negatively impact performance
when it has no eﬀect on the discriminability of the target
from the distractors.
6.3. ‘‘Attentional’’ explanations of heterogeneity eﬀects
Here we try to describe further what we mean when
we suggest that eﬀect of target and distractor hetero-
geneity on threshold in the experiments described here
may be attentional in nature. The term attention has
been used in many diﬀerent ways in many diﬀerent
contexts. Here, we suggest that the eﬀects of hetero-
geneity in the experiments described above are not
due to sensory interactions between the Cardinal color
mechanisms but due to diﬃculties in attending to the
relevant signals from the relevant stimuli. There are
at least three possibilities here that can be described
as examples. First, the heterogeneity may result in
observers monitoring color signals that are irrelevant
to the task rather than the relevant signals, resulting
in Stroop-like errors. In the Stroop task (see MacLeod
& MacDonald, 2000), the observer is required to name
the color of the ink in which a color term is printed.
When the color of the ink and the word diﬀer, the
word interferes with naming the color of the ink. The
Stoop eﬀect might be regarded as a form of misgui-
dance of attention. Though the subject is supposed to
ignore the word formed by the spatial pattern of the
ink, he/she appears to be unable to do this with com-
plete success resulting in poorer performance for nam-
ing the color of the ink when the word and the ink
color diﬀer. Applying this interpretation to the
experiments described here, we suggest that the obser-
ver may attend initially to the color mechanisms signa-
ling the salient variation in the distractors rather than
the color mechanism signaling the small diﬀerence be-tween the target and distractors, resulting in higher
thresholds.
Second, the heterogeneity may result in a form of
attentional capture or the focusing of attention on a sali-
ent stimulus, which may be irrelevant to the task. There
is an extensive literature on the phenomenon called
attentional capture (reviewed by Rauschenberger,
2003; Theeuwes & Godijn, 2001; Yantis, 1998). Atten-
tional capture occurs when a salient stimulus, or stimu-
lus feature, that is known to the observer to be irrelevant
to the task appears to interfere with attending to the
stimuli that are relevant to the task. An explanation of
the capture eﬀect is that the salient stimulus or stimulus
feature draws attention to itself exogenously, and nar-
rows the focus of attention to the spatial region contai-
ning it. As a result the attentional ‘‘spotlight’’, or
‘‘window’’, does not include all of the stimuli at other
spatial locations that may be relevant to the task. This
explanation would suggest that the observers attention
may be drawn initially to a particularly salient stimulus
in the display. In both the Stroop and attentional cap-
ture phenomena, the observer is unable to ignore infor-
mation, or a stimulus, that is known to be irrelevant to
the task. The irrelevant information or stimulus seems to
capture attention exogenously resulting in a decrement
in performance of the task.
Third, heterogeneity may result in reduced grouping
eﬀects or an inability to attend to the relevant signal
from all of the stimuli resulting in some relevant signals
not being attended. Duncan (1995, see also Duncan and
Humphries, 1989) has argued that in search tasks similar
stimulus items can be grouped and attended to as a
group or rejected as a group. This idea was supported
by a recent study by Santhi and Reeves (2004). They
found that spatially grouping distractors that were sim-
ilar in color improves performance in experiments in
which observers must detect a color target among dis-
tractors that vary in color. Search times varied with
the number of groups rather than the number of distrac-
tor stimuli in accord with the Duncan proposal. When
the stimuli in the display all diﬀer from each other, as
in the Within conditions of Experiments 1 and 2, it
may be diﬃcult to group them and direct attention to
all of them simultaneously. That is the irrelevant varia-
tion may force the observer to attend to small groups of
stimuli sequentially, or perhaps one stimulus at a time,
resulting in a detriment to performance. The experi-
ments described here do not distinguish between these
possibilities but further work may help to distinguish be-
tween them.
6.4. The diﬀerence between Across and Within conditions
The eﬀects of heterogeneity in the Across and Within
conditions of Experiments 1 and 2 may be due to some-
what diﬀerent underlying causes. The increase in
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and not consistent across the two experiments. This ef-
fect may occur when the variation in the target and dis-
tractors interferes with the ability of the observer to
attend to the proper color mechanisms (i.e. a Stroop-
like error). That is, observers may attend to the signal
that is changing from trial to trial because of its novelty
or magnitude, rather than attending to the signal that
can be used to discriminate target and distractors.
The fact that there was little diﬀerence between the
None and Across conditions in Experiment 2 led us
to think it possible that extended practice at the task
might abolish this eﬀect in Experiment 1. However,
two observers repeated Experiment 1 after completing
both Experiments 1 and 2, and the eﬀect of the hetero-
geneity in the Across condition did not decrease for
either observer. Perhaps the eﬀect in the Across condi-
tion of Experiment 1 would be reduced with practice if
observers practiced consistently with the same display
condition rather than switching between diﬀerent types
of display conditions within a session as they did in
Experiment 1.
The increase in threshold in the Within condition is
larger and consistent across the ﬁrst two experiments.
In this condition the distractors within a display vary,
but the same set of distractors is presented on each trial,
and it is only the appearance of the target stimulus that
changes from trial to trial. The change in the target from
trial to trial requires the observers to make an attempt to
monitor the relevant signal (i.e. the signal that diﬀeren-
tiates the target from distractors) from all of the hetero-
geneous stimuli. The heterogeneity in the stimuli may
interfere with the observers ability to monitor the rele-
vant signal from each of the 10 stimuli (i.e. a grouping
eﬀect). Palmer and colleagues (Palmer, 1994; Palmer
et al., 1993; Palmer et al., 2000) have shown that observ-
ers can attend to signals from as many as 8 or 10 homo-
geneous stimuli without cost in performance. Thresholds
increased with the number of stimuli monitored but the
magnitude of the increase was consistent with a signal
detection theory based on the assumption that an obser-
ver monitors independent but noisy signals from each
stimulus.
6.5. Comparison with earlier studies of color
heterogeneity
An attentional explanation of the heterogeneity ef-
fects is consistent with results reported here as well as
with previous experiments in which heterogeneity in
the color of the distractors within a display reduced
threshold (Nagy & Thomas, 2003; Nagy et al., 2004).
In two studies using response time measures of perfor-
mance, distractor heterogeneity had little eﬀect on
search times or a negative eﬀect on performance (Nagy,
1999; Nagy & Winterbottom, 2000). The eﬀects of dis-tractor heterogeneity on performance in these experi-
ments appear to depend, in part, on whether the
variation interferes with, or facilitates, an observers
ability to attend to the relevant signals from relevant
stimuli. Procedures in the previous studies by Nagy
and Thomas (2003) and Nagy et al. (2004) were very
similar to those is this study and some of the heteroge-
neity conditions in these studies were similar to the
Within condition in the Experiments 1 and 2. In the
two previous studies thresholds in the heterogeneous
conditions were signiﬁcantly lower than in homoge-
neous conditions similar to the None condition reported
here. In Experiments 1 and 2 thresholds were signiﬁ-
cantly higher in the Within conditions than in the None
conditions. A major diﬀerence between those studies
and the work reported here is that the observer knew
which of the distractor colors present in the heteroge-
neous displays might contain the target increment,
whereas in the Within condition of this study observers
did not know which of the distractor colors might con-
tain the target increment. We attribute the diﬀerences in
results to this knowledge. Our interpretation is that
knowledge of the distractor color that might contain
the target increment permitted observers to direct atten-
tion to a subset of the stimuli in the display in earlier
experiments resulting in lower thresholds as in the color
cue conditions of Experiments 3 and 4. In the Within
condition of Experiments 1 and 2, it appears that in
the absence of this knowledge, heterogeneity interferes
with attending to the relevant signals from all of the
stimuli, as suggested above, resulting in higher
thresholds.
In the earlier studies by Nagy (1999) and Nagy and
Winterbottom (2000) procedures and stimulus displays
diﬀered in several important ways from those used here.
Possibly, the two most important diﬀerences were that
response times were measured, rather than thresholds,
and the stimulus displays were rather crowded contain-
ing 54 stimuli rather than only 10. Palmer (1998) has dis-
cussed relationships between response time measures
and threshold measures in search tasks. Previous studies
have suggested that search performance with crowded
displays may diﬀer from search performance with sparse
displays (Morgan, Ward, & Castet, 1998; Palmer et al.,
1993). Observers knew which of the distractor colors
might contain the target increment in these two studies,
but each display contained many stimuli (nine) pre-
sented at this chromaticity rather than just two as in
the threshold studies discussed above. Distractor heter-
ogeneity had little eﬀect or a small negative eﬀect on per-
formance in these studies. It may be that positive eﬀects
on performance, due to knowledge of the distractor col-
or that contained the target increment, were oﬀset by
negative eﬀects of heterogeneity in crowded displays.
With crowded displays, distractor heterogeneity may
have larger negative eﬀects on performance, which are
1898 A.L. Nagy et al. / Vision Research 45 (2005) 1885–1899in part sensory in nature, because signals from neighbor-
ing stimuli may interact with each other (see Treisman &
Sato, 1990; and Morgan et al., 1998).
6.6. Relation to other explanations of heterogeneity
eﬀects
It has often been suggested that mechanisms that
mediate the grouping of stimulus items play a role in
search tasks and in attending to multiple stimuli. For
example, Duncan and Humphries (1989) suggested that
search performance degraded with heterogeneous dis-
tractors because homogeneous distractors grouped well
and could be attended to and rejected as a set. Alterna-
tively, it has been suggested that there are low-level sen-
sory mechanisms that code diﬀerences between
neighboring stimulus items (e.g. Wolfe, 1994), or that
sensory signals from neighboring stimuli interact at least
in crowded displays (e.g. Morgan et al., 1998; Treisman
& Sato, 1990). Heterogeneous distractors would pro-
duce larger and more variable signals in such low level
mechanisms and thus make it more diﬃcult to detect a
target. Yet another alternative is that diﬀerent internal
representations of the stimuli may be used to detect the
target when distractor stimuli are heterogeneous and
homogeneous (see Rosenholtz, 2001a, 2001b). In this
view search performance with homogeneous and hetero-
geneous distractors may diﬀer because diﬀerent internal
representations are used to detect the target depending
on the nature of the distractors. We suggest that the re-
sults of the experiments described here appear to be more
consistent with the hypothesis that heterogeneity in the
stimuli within a display interfered with the observers
ability to attend to the relevant signals from multiple
stimuli rather than with the coding of diﬀerences between
target and distractors. Experiments 3 and 4 showed that
the presence of varying distractors, even distractors that
produce varying signals in the color mechanism used to
discriminate the target from distractors, had little or no
eﬀect on threshold if location, or color, cues indicated
that the distractors were irrelevant to the task.7. Conclusions
In summary we conclude that variation in the stimuli
in a search task can have a negative eﬀect on perfor-
mance, even when it causes only variations in signals
in feature coding mechanisms that cannot be used to dis-
criminate target and distractors and when it can be
shown to have no eﬀect on sensitivity to the signals that
are used to discriminate the target from distractors. We
conclude that these eﬀects are attentional in nature and
may be related to the observers ability to attend to the
correct signal from each stimulus or the ability to attend
to signals from many stimuli.Acknowledgment
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